We report the use of synthetic vesicles formed by amphiphilic block copolymers in water (or polymersomes) to encapsulate myoglobin varying the vesicle size, and protein concentration. We show that confinement within polymersomes leads to a significant improvement in protein stability against thermal denaturation up to 95 o C at neutral pH, with little or no evidence of unfolding or reduced enzymatic activity. The latter parameter actually exhibits a two-fold increase after thermal cycling when the confined protein concentration is higher than 5% v/v. Our results suggest that nanoscopic confinement is a promising new avenue for the enhanced long-term storage of proteins. Moreover, our work has potentially important implications for the origin of life, since such compartmentalisation may well have been critical for ensuring the preservation of early functional proteins under relatively harsh conditions, thus playing a key role in the subsequent emergence of primitive life forms.
as assessing the effect of volume exclusion on a soluble macromolecule (i.e. 'macromolecular confinement'). 3, 11, 12 Macromolecular crowding can be studied by the addition of high concentrations of various macromolecules to aqueous protein solutions, such as poly(ethylene oxide), dextran, haemoglobin or defatted albumin. 3 While these studies have demonstrated that crowding favours protein folding, 13 little or no effect on the thermal stability of proteins has been observed. 14 In contrast, proteins confined within silica gels, 15, 16 polymeric gels 17 or mesoporous silicates 18 exhibit enhanced thermal stability due to their nanoscopic confinement. The latter is quite extreme in all such experiments with the available volume being very close to that of a single folded protein, suggesting minimal hydration. Under such strong geometric constraints, there is almost no space available for proteins to unfold even if chemical instability were to ensue. 19 However, such a stabilising effect is only possible when water is free to diffuse in and out of the confined volume. 20 While these studies provide interesting insights regarding protein dynamics, they are often limited by the strong interaction between the confinement/ crowding agent and the protein, leading to 'unnatural' denaturation driven by a crowding agent. 21 Such artificial conditions do not represent those normally found within the cell interior, where hydration and protein/protein interactions play a very important role in controlling the (un)folding dynamics. In the present work we study the simultaneous effect of confinement and crowding on protein stability using di-block copolymer vesicles (also known as polymersomes 22 ). These comprise membrane-enclosed nanoscopic compartments produced by the self-assembly of amphiphilic diblock copolymers in aqueous solution. 23 Their morphology and supramolecular nature is very similar to that of natural cell organelles. Polymersomes are much more robust structures that allow for an accurate control over both structural and functional parameters. 23 They have been recently studied as effective nancarriers for the delivery of drugs, nucleic acids and proteins. [23] [24] [25] In particular, we have recently demonstrated that pH-sensitive polymersomes based on poly(2-(methacryloyloxy)ethyl phosphorylcholine)-poly(2-(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) can deliver payloads within live cells with no detrimental effect to cell viability. [26] [27] [28] [29] Here we demonstrate the effective encapsulation of myoglobin within PMPC-PDPA polymersomes and show how such a nanoscopic confinement allows for protein protection. Myoglobin is a globular protein comprising 153 amino acids folding around a central HEME prosthetic group (Fig.1a) . It is implicated in oxygen, NO, CO, and H2O2 storage 30 and is one of the most studied proteins, with several high resolution crystal structures being reported. 30 More importantly, secondary and tertiary structures of myoglobin, as well as its enzymatic activity, can be assessed by well-established spectroscopic assays. 31, 32 For this reason is often the preferred choice for structural and functional study of protein folding dynamics. 32 PMPC-PDPA diblock copolymers comprise two critical properties for this study: (i) the PMPC block is a highly hydrated water-soluble polymer that is strongly protein-repellent 33, 34 (even if PMPC chains are conjugated directly to proteins this has no effect on either the binding affinity or bioactivity of proteins 35 ) and (ii) the pH-sensitive nature of the PDPA block, which allows for the efficient and reversible encapsulation of large macromolecules. 26, 28, 36 In order to encapsulate myoglobin within polymersomes, the PMPC-PDPA copolymer and protein are mixed together at pH 6. At this pH, the PDPA block is protonated and positively charged and hence molecularly dissolved. As the pH is subsequently increased to 7.4, the PDPA chains become deprotonated and hydrophobic, triggering PMPC-PDPA self-assembly into polymersomes with concomitant entrapment of the protein. Thus this facile processing protocol produces nanoscopic compartments stabilised by an external and internal layer of protein-repellent polymer chains. The mean diameter can be further controlled by extruding the polymersome dispersion through porous polycarbonate membranes with pore diameters of 50, 100, 200 or 400 nm. Polymersome size distributions determined using dynamic light scattering (DLS) are plotted in Figure 1b for dispersions extruded through the various polycarbonate membranes. As previously demonstrated, 29, 37 sufficient extrusion provides reasonable size control. As shown in Figures 1b and 1c , the final number-average hydrodynamic diameter correlates quite well with membrane porosity for the 50 nm, 100 nm and 200 nm membranes, while for the 400 nm membrane the observed size distribution is almost unchanged from that of the original dispersion. The extruded polymersomes are subsequently purified using preparative gel permeation chromatography to remove the non-encapsulated myoglobin. 38 To verify that this protein is actually encapsulated within the polymersome lumen, and not merely bound to the external surface of the vesicle, myoglobin-loaded polymersomes were incubated with trypsin. As shown in Figure S1 , UVVisible spectroscopy shows that this enzyme clearly degrades non-encapsulated myoglobin within 4 h (gradual disappearance of the Soret band, which is characteristic of non degraded protein). In contrast, spectra recorded for myoglobin-loaded polymersomes remain identical to those obtained for the native protein, indicating that the trypsin cannot physically access the encapsulated myoglobin located within the interior of the polymersomes. In Figure 1c , the final myoglobin loading efficiency is plotted as a function of membrane porosity. It is noteworthy that dispersions extruded using 50, 100 and 200 nm membrane pores exhibit higher loading efficiencies compared to those obtained using the larger 400 nm membrane. This suggests that polymersome processing leads to both size control and greater encapsulation efficiencies. In Figure 1d , the final mean number of proteins per polymersome is plotted as a function of the vesicle diameter as measured by DLS. Using structural data from the protein bank database (1YMB) and assuming that the protein structure is in its folded configuration with a hydration shell of 1,911 water molecules (as reported by Frauenfelder et al. 39 ) we used Jmol software to calculate the molecular free volume of an individual myoglobin protein. This value is used to calculate the average protein volume fraction within the single polymersome. In Fig.1d the protein volume fraction is plotted as a function of polymersome diameter. These data indicate that by controlling polymersome dimensions we produce very different conditions for protein confinement and crowding. For polymersomes extruded through 50 nm pores we measured an average of around 1.5 myoglobin proteins per polymersome, which corresponds to an internal volume fraction of about 2%. For the 100 nm pores we determined approximately 40 proteins per polymersome (internal volume fraction of ~ 7.5%), while for the 200 nm membrane pores we found an average of over 1000 proteins per polymersome with a relatively high internal volume fraction of ca. 10%. On average the more heterogeneous polymersomes extruded through 400 nm pores each contain 2500 proteins, which occupy an internal volume fraction of 6.4%. Such varying conditions inevitably lead to differing degrees of confinement and crowding that are quite similar to those encountered in vivo. To study protein stability under such conditions several myoglobin-loaded polymersome formulations as well as free myoglobin mixed with the same concentration of empty polymersomes were heated from 30°C up to 95°C at pH 7.4 in a step-wise fashion. As a precaution, samples were allowed to equilibrate for 1 h at 5°C intervals so as to avoid generating hot spots and/or thermal gradients. Each sample was subsequently allowed to cool directly to 20°C and once this final equilibrium temperature had been attained, the polymersomes were dissolved at pH 6 by addition of dilute HCl (0,01M) to release their protein payload. The resulting aqueous solutions were analysed by both UV-Visible and fluorescence spectroscopy. The protein secondary structure can be conveniently assessed using UV-Visible spectroscopy. 31, 32 The folded conformation of the native protein has a characteristic single Soret band at 410 nm. Upon denaturation a second band due to protein unfolding appears at 390 nm ( Figure  2a) . It is clear from figure 2b that the encapsulated proteins show no apparent denaturation. Similar results were observed using fluorescence spectroscopy, which monitors the emission due to the alpha helix tryptophans (Trp7 and Trp14). After excitation at 295 nm these aromatic groups exhibit a typical emission peak at 310 nm. If the protein unfolds and its tertiary structure is lost, these tryptophan moieties are exposed to the surrounding water. This degradation is associated with a second, more intense peak at 340 nm (see Fig. 2c ). Tryptophan emission was not detected for each of the encapsulated protein samples, further suggesting that polymersomes confer excellent protection against thermally induced denaturation (Fig.2c-d) . Both UV-Visible and fluorescence spectroscopy were performed after the thermal denaturation cycle previously described. This approach was necessary to minimise the strong scattering effect of polymersomes, which can cover most of the absorbance and/or fluorescence emission range of myoglobin. Hence we performed the spectroscopic analysis after dissolving the polymersomes at mild acidic pH. The results presented in Figure 2 confirm that, as expected, the heat-treated free myoglobin displays typical irreversible denaturation, whereas all of the encapsulated proteins exhibit no discernible differences compared to the native protein. In order to study the protein structure in more detail during the thermal treatment, we conducted online circular dichroism (CD) studies. This approach allows the protein secondary and tertiary structures to be monitored 40 with less interference from the intrinsic scattering due to polymersomes. 41, 42 Structural degradation of the native protein occurs between 70°C and 80°C and is complete at 95°C (see Figure 3a) . When myoglobin is confined within polymersomes, the resulting CD spectra exhibit a temperature-dependent shift due to the dispersion scattering as already documented with lipid vesicles (see Figure 3b) . 41, 42 In this case, no significant structural transformations were detectable, indicating that the protein retains its folded conformation even after heating to 95°C. This finding is confirmed by the calculation of the mean molar ellipticity of the folded and unfolded protein at the characteristic wavelength of 222 nm. The free protein undergoes irreversible denaturation between 70°C and 80°C (see Figure  3c ) whereas the relatively flat unfolding transition for the encapsulated protein is completely reversible upon cooling. Such an observation further validates the spectroscopic observations of substantially enhanced thermal stability for the encapsulated protein.
The structural stability of the polymersome-confined protein is further confirmed by monitoring its enzymatic activity after the thermal cycle. This can be assessed by measuring the rate of oxidation of guaiacol into its tetramer using UV-Visible spectroscopy at pH 7.4 and 25°C (all measurements were normalised so as to have equal protein concentration). The HEME group that is responsible for myoglobin's enzymatic activity is extremely sensitive to denaturation, but the data shown in Figure 3d confirm that the activity of the encapsulated myoglobin is essentially unchanged after thermal treatment. Interestingly, the activity of protein encapsulated within the 100 nm, 200 nm and 400 nm polymersomes (where the internal volume faction is higher than 6%) increases two-fold with respect to the native free protein, whereas the less crowded 50 nm (2 % v/v) exhibits almost identical activity. Enhanced enzymatic activity as a function of macromolecular crowding has already been reported for DNA polymerase, 43 multi-copper oxidase, 44 and ribozyme. 45 However most of these studies utilised inert crowding agents, whereas in the present work, myoglobin activity appears to exhibit an auto-catalytic effect once encapsulated within polymersomes under relatively crowded conditions. A similar phenomenon was observed by de Souza et al., who reported that encapsulating the entire ribosomal machinery inside 100 nm lipid vesicles produced an average yield of fluorescent protein more than six times higher than that found in bulk water. 46 The data shown herein clearly demonstrate a valid platform for studying protein dynamics under conditions that closely resemble those found in vivo. The marked enhancement in thermal stability as well as the enhanced enzymatic activity for the encapsulated myoglobin support existing theoretical models for molecular confinement and macromolecular crowding effects. 3 Evidently, the extensive stabilisation effect observed across a range of polymersome diameters suggests that confinement and crowding are intimately connected. Both phenomena lead to the formation of a highly confined water network between the encapsulated proteins and the polymersome inner leaflet, with the water molecules forced to occupy nanoscopic volumes ranging in size from a few nm to tens of nm. Several studies on water confined between two hydrophilic substrates reported a more glass-like structure with disrupted hydrogen bonds, exhibiting somewhat longer lifetimes than the typical picoseconds, together with a reduction in tetrahedral bonding arrangements. 47, 48 Other studies have shown that this interfacial effect can extend well beyond the electrical double layer thickness of a few nm and reach the µm range with the concomitant formation of a less flexible, more organised phase. [49] [50] [51] Our data suggest that the water structure within myoglobin-loaded polymersomes is similar to that of interfacial water. This leads to two effects: (i) protein stabilisation by changing the thermodynamics of the folding-unfolding transition and (ii) the excess vibrational energy associated with higher temperatures is more readily dissipated, generating a "nanoscopic insulator".
In conclusion, we provide strong evidence that protein thermodynamics within a nanoscopic aqueous environment are strongly affected by both concentration and confinement. More importantly, we demonstrate that proteins encapsulated within polymersomes can withstand large temperature gradients without compromising their structure (and hence their biochemical activity). This is very important in the context of polymersome-mediated delivery of proteins and/or the development of nano-reactors. Finally, our findings suggest a new perspective for the 'origin of life' research, as we propose a new paradigm for compartmentalisation. We demonstrate that it is not just critical for the spatial separation of aqueous volumes but also offers a potentially important stabilisation mechanism for proteins, which are one of life's essential building blocks.
